Protected lands like national parks are important refuges for threatened and endangered species as environmental pressures on wildlife and their habitats increase. The Northern Spotted Owl (Strix occidentalis caurina), a species designated as threatened under the Endangered Species Act, occurs on public lands throughout the western United States including Mount Rainier National Park (MRNP), Washington. With virtually no history of timber harvest or large forest disturbance within MRNP boundaries since the park's creation in 1899, MRNP provides an ideal place to evaluate potential impacts of climate change and invasive Barred Owls (Strix varia) on the Northern Spotted Owl. We used a multi-state, multi-season occupancy model to investigate how Northern Spotted Owl occupancy dynamics and breeding propensity are related to the presence of Barred Owls, local and regional weather, and habitat characteristics at MRNP from 1997 to 2016. Historical occupancy of Northern Spotted Owl breeding territories in MRNP has declined by 50% in the last 20 yr, and territory occupancy by breeding Northern Spotted Owls also decreased, reaching a low of 25% in 2016. Occupancy rates were higher on territories with steeper terrain and breeding rates were lower when Barred Owls were detected within historical territories. Our results also indicated that breeding propensity was higher when early nesting season temperatures during March and April were higher. In addition, the ability to detect breeding Northern Spotted Owls decreased when Barred Owls were present in the territory. Habitat variables from LiDAR were not correlated with Northern Spotted Owl occupancy dynamics, likely reflecting the dominance of old-growth forest in this protected park. This study illustrates the strong relationship between Barred Owls and Northern Spotted Owl demographics and breeding site selection in a landscape where habitat loss by timber harvest and fire has not occurred.
INTRODUCTION
The Northern Spotted Owl (Strix occidentalis caurina) was federally listed as a threatened species in the United States under the Endangered Species Act in 1990 because of suspected population declines associated with extensive loss of old-growth forest from timber harvest (USFWS 1990 ). The Northwest Forest Plan was implemented in 1994 to conserve these forests for Northern Spotted Owls and other old-forest obligates across the Pacific Northwest region of the United States. Since then very little Northern Spotted Owl habitat has been lost to harvest on federal lands (Davis et al. 2011 . However, despite the protection of old-growth habitat on federal lands, Northern Spotted Owls have continued to decline over the past 3 decades . Findings from many long-term demographic studies across the Pacific Northwest show that variation in climate, amount of suitable habitat, and the presence of Barred Owls (S. varia) are correlated with variation in the vital rates and population performance of Northern Spotted Owls (Franklin et al. 2000 , Olson et al. 2004 , 2005 Dugger et al. 2005 Dugger et al. , 2011 Dugger et al. , 2016 Glenn et al. 2010 Glenn et al. , 2011a Glenn et al. , 2011b Kroll et al. 2010 . Habitat loss is associated with population declines of Northern Spotted Owls in some parts of their range (e.g., Dugger et al. 2016) ; however, competition with the Barred Owl is now considered the biggest threat to the persistence of the Northern Spotted Owl (USFWS 2011) .
The Barred Owl has expanded its range west from its native range in the forests of the eastern United States and Canada into the range of the Northern Spotted Owl (Livezey 2009 ). Detection of Barred Owls on Northern Spotted Owl territories has been associated with declines in Spotted Owl survival (Anthony et al. 2006 , Glenn et al. 2011a , occupancy dynamics (Olson et al. 2004 , Kroll et al. 2010 , Sovern et al. 2014 , Yackulic et al. 2014 , Diller et al. 2016 , and reproductive success (Olson et al. 2004 , Wiens et al. 2014 . When Barred Owls are detected in a Spotted Owl territory, local territory abandonment rates increase, and colonization rates decrease, even when suitable Spotted Owl habitat is available (Olson et al. 2004 , Sovern et al. 2014 , Yackulic et al. 2014 .
For over 100 yr, national parks have existed to preserve America's natural and cultural heritage for current and future generations (USDOI 1916) . Considered the most protected lands in the country, the National Park system includes 34 million hectares of federal land identified as having natural, cultural, or recreational significance (USDOI 2017) . As environmental pressures on wildlife and habitats have increased in recent decades, National Park lands have become important protected areas for many threatened and endangered species (Hoffman et al. 2010 , Pimm et al. 2014 , Watson et al. 2014 , Barnes et al. 2017 , Wu et al. 2018 ). In the western United States, the Northern Spotted Owl occurs in 7 National Parks throughout the species' range (USFWS 1990) , and the majority of Northern Spotted Owl habitat in National Parks is federally designated wilderness where activities such as logging are prohibited. The Spotted Owl population in the Rainier Demographic Study Area (DSA) in Washington experienced a 4.7% rate of annual decline through 2013, which is higher than the range-wide average (3.8%; Dugger et al. 2016) . Approximately 44% of the Rainier DSA is composed of Spotted Owl territories that occur in Mount Rainier National Park with the remaining 56% in managed forest lands.
Mount Rainier National Park (hereafter MRNP) presents a unique opportunity to examine the effects of Barred Owls and weather on Spotted Owl occupancy dynamics because of the lack of timber harvest within the park boundaries since its creation in 1899. This has left ~33,000 ha of suitable Spotted Owl habitat (forest ≥100 yr old, elevation ≤1,463 m, ≥40% canopy cover) protected and largely undisturbed by fire or other natural events for over 100 yr, a unique environment that is largely absent elsewhere within the species' range Franklin 1982, Bart and Earnst 1993, T. Chestnut personal observation) . Consistent with patterns of incidental detections of Barred Owls on Northern Spotted Owl DSAs across the Pacific Northwest (e.g., Dugger et al. 2016) , detections of Barred Owls at MRNP within historical Spotted Owl territories have also increased ( Figure 1) . Thus, these demographic data provide an opportunity to evaluate the effects of habitat and Barred Owl presence on occupancy dynamics and breeding propensity of Spotted Owls in a large area of The Condor: Ornithological Applications 121:1-20, © 2019 American Ornithological Society old forest that has not been recently disturbed by harvest or fire. In addition, Northern Spotted Owls in MRNP experience some of the coldest and wettest climates within the species' range. With extreme geomorphic variation across the park (i.e. elevation, slope, and aspect), and long, cold winters, microclimate and weather may represent important components of habitat quality within MRNP and explain variation in owl occupancy dynamics and breeding rates in the park (e.g., Franklin et al. 2000 , Anthony et al. 2006 , Glenn 2011a ). Because of suspected negative impacts of Barred Owls, we also evaluated their presence in Spotted Owl territories.
Our objectives were to evaluate occupancy dynamics and breeding propensity of Northern Spotted Owls within MRNP. Specifically, we sought to determine (1) whether specific habitat characteristics or microclimates within territories increase the probability of occupancy by breeding Spotted Owls, (2) whether Barred Owl presence at historical Spotted Owl territories decreases the probability that a territory will be occupied by Spotted Owls, and (3) whether Barred Owl presence decreases the probability that Spotted Owls will breed.
METHODS

Study Area
Mount Rainier National Park is in west-central Washington, roughly centered on Mount Rainier, an active stratovolcano and the tallest mountain in the Cascade Range (4,392 m; Antonova et al. 2014) . MRNP is 95,648 ha, of which ~35% (33,184 ha) is forested and potentially available to Spotted Owls. The rest of the park is composed of glacial outcrops, rocky talus slopes, and subalpine parklands (Moir et al. 1977 , Hemstrom and Franklin 1982 , Franklin et al. 1988 ). The habitat characteristics that best describe Spotted Owl nesting and roosting habitat in the Washington Cascades include high canopy cover (>84%) and high density of large conifers (i.e. conifers ≥76 cm diameter at breast height, density >4 trees ha −1 ; Davis et al. 2016) , although >40-60% canopy cover is considered marginal/suitable habitat across the Spotted Owl range (Herter et al. 2002 , Davis et al. 2011 ). The study area included a total of 36 historical Spotted Owl territories, although a smaller number of territories were monitored with varying degrees of survey effort from 1982 to 2016. Although we began Spotted Owl surveys in 1982, the survey efforts for occupancy elements were not sufficient for modern analysis until 1997, when survey methods were standardized.
The vegetation of MRNP varied greatly because of large differences in geomorphology and elevation, and included mid-and high-elevation forests, as well as subalpine and alpine communities. Dominant tree species in low-elevation forests (500-1,000 m) were Douglas-fir (Pseudotsuga menziesii), western red cedar (Thuja plicata), and western hemlock (Tsuga heterophylla), while higher-elevation forests (1,000-1,500 m) also included Pacific silver fir (Abies amabilis), subalpine fir (Abies lasiocarpa), and mountain hemlock (Thuja mertensiana; Moir et al. 1977 , Franklin et al. 1988 , Crawford et al. 2009 ). Forest age was also diverse, with some stands >350 yr old (Hemstrom and Franklin 1982) . Except for some small-scale development for administrative buildings and visitor facilities (∼3% of the park), and wildfires in the early 1900s on the east side of the park (~1% burned forest), MRNP has been protected from timber harvest, development, and fire (Hemstrom and Franklin 1982) . The historical fire frequency of MRNP is a long rotation estimated at 434 yr, and any fires originating outside the park boundary are suppressed, both factors reducing the loss of current Spotted Owl habitat at MRNP (Hemstrom and Franklin 1982) . Thus, the types of disturbance that result in habitat loss in other Spotted Owl DSAs (e.g., Davis et al. 2016 ) have been largely absent from MRNP.
Historically, there are steep climactic gradients within MRNP because of the range in elevation and geomorphological features associated with Mount Rainier. Generally, the study area experienced cold, wet winters, with precipitation falling as rain or snow at higher elevations during winter (Hemstrom and Franklin 1982) . During critical breeding and dispersal months for Northern Spotted Owls (September through July), average minimum temperatures ranged from −9°C to 5°C with mean annual precipitation ranging from 148 to nearly 300 cm per year (PRISM 1997 (PRISM -2013 PRISM Climate Group, www.prismclimate. org, accessed 15 October 2016) . The study area weather, while characteristic of the Pacific Northwest, can fluctuate drastically at small spatial scales because of the varying landscape and vegetation structure (Theobald et al. 2017) .
Northern Spotted Owl Surveys
Northern Spotted Owl demographic surveys were initiated in 1997 following protocols established by Franklin et al. (1996) . A total of 36 territories were detected and included in our analysis. The sample of owl territories monitored each year increased from 16 in the first year of the study to a maximum of 36 territories in 2012. We monitored all new territories annually from 1997 to 2016 and marked all juveniles and adults with U.S. Fish and Wildlife Service numbered aluminum bands and color bands. Surveyors made a minimum of 3 diurnal visits to each site during the breeding season each year to determine Spotted Owl occurrence and breeding status to reduce the probability of false-positive detections (Berigen et al. 2019) . Field surveys were conducted by broadcasting recorded Spotted Owl vocalizations throughout forested habitat with prior owl activity and up to a 1.5 km radius of the surrounding area. If no owls were detected after 3 diurnal visits, nocturnal point count surveys were also conducted along roads and trails throughout the park, with 10 min of consecutive broadcast calls at each point. When individual or paired owls were detected, their reproductive status was determined by offering them ≤4 captive bred, certified diseasefree mice (Mus musculus) to see if they would carry the mice to a nest or fledged young (Franklin et al. 1996) . To confirm the nesting status of owls at each territory the observers repeated the mouse protocol on at least 2 visits. Thus, >80% of the Spotted Owl detections used to create the multi-state occupancy data set for this study were diurnal visits and the banded individual(s) was identified when detected. The location of an activity center for each territory was determined based on a hierarchical order of Spotted Owl detections for that season: nest location, pair location, or single owl location. Annual activity centers were only recorded when Spotted Owls were detected on a territory.
Delineation of Spotted Owl territories and available use areas. We delineated Northern Spotted Owl territories by creating Thiessen polygons in ArcGIS software around all annual activity site centers from 1997 to 2016 within a historical territory, extending to half the median distance of the nearest neighboring owl territory . We chose to use Thiessen polygons to represent Spotted Owl core-use breeding areas (hereafter, "territories") because they incorporate precise locations of Northern Spotted Owls on the study area and better represent the differing shape and size of Spotted Owl territories than a circle around an activity center. We created a territorial polygon layer in ArcGIS 10.4 (Esri, Redlands, California, USA) and then overlaid it on habitat and weather raster maps to estimate statistics for variables of interest.
Because MRNP contains extreme topographic variation, it was important to include in the spatial and temporal analysis only habitable terrain that could reasonably be used by Spotted Owls. We defined land available for use as any land within MRNP boundaries below 1,524 m (~5,000 feet) and created a single polygon to represent this land area. Of ~1,500 Spotted Owl detections across MRNP, no reliable detections have been recorded above 1,524 m, so landscape and weather summaries above this elevation were not included in any of our analyses or development of covariates. Additionally, forests above 1,524 m in MRNP are typically unsuitable for Spotted Owls because subalpine forests consist of small trees and experience harsh winters with deep snow (Moir et al. 1977 , Hemstrom and Franklin 1982 , Franklin et al. 1988 .
LiDAR Metrics of Forest and Topographic Data
We characterized suitable owl habitat in MRNP using remotely sensed airborne light detection and ranging data (LiDAR; Wehr and Lohr 1999, Vierling et al. 2008) using data obtained from discrete return airborne LiDAR flown on 3 separate occasions in fall of 2007 and 2008 by Watershed Sciences, Inc. A Leica ALS50 Phase II laser system mounted in a Cessna fixed-wing aircraft was used to collect the data. The mean LiDAR point density around mountain and forested habitat was 5.7 points m −2 and was slightly higher around some river drainages at 7.27 points m −2 . We summarized the first return LiDAR data at a 30 m grid resolution within the program FUSION to produce comparable forest metrics to those included in previous owl-habitat modeling studies (Davis et al. 2011 Ackers et al. 2015 . A number of historical Spotted Owl territories (as defined by Thiessen polygons) overlapped the boundary of MRNP, so we obtained data from LiDAR flown for Pierce County in 2010 and 2011 (9.01 points m −2 ) surrounding the park to create maps of LiDAR-derived forest metrics, which encompassed all owl polygons (LiDAR Bare Earth DEM 2010).
We used LiDAR-derived maps characterizing 7 measures of forest structure within Spotted Owl territories: rumple index, upper strata density, mean tree height, canopy cover, and topography measurements of slope, aspect, and elevation (Appendix Table 3 ). These covariates were chosen because they described components of forest structure and age that have previously been identified as important to Spotted Owls (Ackers et al. 2015) . We hypothesized that we would find a large proportion of available landscape and historical Spotted Owl territories at MRNP with diverse forest structure (high rumple index), a high percentage of canopy cover, and higher densities of overstory trees >30 m tall (upper strata density, mean height). We utilized a threshold of 30 m for the upper forest strata, as the density in this forest strata is correlated with older stands utilized by Spotted Owls (Vierling et al. 2008) . Canopy cover (and canopy closure) is an important characteristic that defines old-growth forest and Spotted Owl habitat (Herter et al. 2002 , Davis et al. 2011 , 2016 . In this study, we defined canopy cover as the percent of LiDAR first returns above 2 m.
While forest height and canopy cover have been good indicators of Spotted Owl use in past studies, rumple index is a more recently developed LiDAR measurement of the diversity of forest structure often indicative of oldgrowth and Spotted Owl core use areas (Kane et al. 2010 , Ackers et al. 2015 . Rumple index uses first return pulses to measure the ruggedness of the canopy, with higher index values representing a greater diversity in structure. We predicted that average rumple index values on MRNP would be moderate to high, and higher within historical Spotted Owl territories, as compared to the rest of the available landscape below 1,524 m. As a measure of relative forest heights, we summarized the mean height of LiDAR first returns within a 30 m grid raster.
To investigate the influence of topographical variables on occupancy and breeding propensity of Spotted Owls, we calculated LiDAR-derived elevation, slope, and aspect covariates for each Spotted Owl historical territory, as well as for the larger landscape of MRNP (Table 1) . We predicted a higher probability of occupancy by breeding owls at territories that had more southerly exposure as these sites and would warm faster than northern exposures with snow and cooler temperatures persisting later in the season (Glenn et al. 2010 (Glenn et al. , 2011a (Glenn et al. , 2011b . Although there may be a slight upward shift in average elevation of Spotted Owl breeding territories over time (apparent 60 m increase in nest tree elevation since 2007 at MRNP, T. Chestnut personal observation), we did not expect to find territories to have shifted to steep or high elevation because Spotted Owls at MRNP ranged primarily between 600 and 1,200 m with an average of ~1,050 m. Thus, we predicted that elevation and slope might best be modeled as quadratic structures, where the highest occupancy of Spotted Owls occurred at territories with intermediate elevations and slopes. We estimated forest and topographic metrics of interest for each territory (mean, standard deviation) and the available landscape of MRNP using ArcGIS 10.4.
Weather Metrics
To obtain information on annual precipitation and temperature for the entire study area, we used Parameterelevated Regression on Independent Slopes Model (PRISM) gridded maps from the Oregon Climate Service at Oregon State University (PRISM Climate Group, http:// www.prismclimate.org, accessed 15 October 2016; Daly et al. 2008) representing conditions from 1997 to 2016. PRISM maps combine data from weather stations with maps of topography, rain shadow, and coastal effects to create raster maps of estimated climatic conditions for unmeasured sites. We used these weather data to create 4 different covariates to test whether temperature or precipitation patterns were associated with patterns in occupancy and breeding propensity of Spotted Owls during critical time periods (Table 1) . We derived one set of PRISM precipitation and temperature covariates for early nesting and winter seasons from annual measurements for the entire study area, and another set of covariates for each specific territory for every year of the study. To summarize MRNP weather temporally, we used the same available use polygon from the habitat analysis and overlaid it onto 800 m resolution raster maps of minimum temperature and precipitation, then averaged these monthly values in ArcMap. As in several previous studies (Glenn et al. 2010 (Glenn et al. , 2011b Dugger et al. 2011 , winter was defined as November-February and the early nesting period as March-April. We estimated mean minimum temperature and precipitation values for the winter and early nesting periods for all 20 yr of data across MRNP.
We also collected 6 yr of local air temperature data using >100 iButton data loggers (www.maximintegrated.com/en/ products/ibutton/ibuttons/thermochron.cfm) deployed across MRNP near Spotted Owl territories (Breckheimer 2016 , http://www.tinyplant.org). We characterized weather at the level of the individual territory by creating detailed temperature raster maps of the whole park at a 90 m grid resolution. We overlaid the previously described Thiessen polygons for each owl site on raster maps of minimum temperature representing the winter and early nesting periods. The iButton data did not include November, but did include May, so we calculated territory-specific winter mean minimum temperatures from December to February, and mean minimum temperature during early nesting temperatures from March to May (Breckheimer 2016, http://www.tinyplant.org) . Because our territorial weather covariates used minimum temperature averages, we assumed it was unlikely that excluding November or including May, 2 transitional months, would substantially change the overall average minimum temperature for each territory. We assigned minimum temperatures for each Thiessen polygon territory during these time periods using ArcMap and incorporated them as environmental covariates in our occupancy models.
We predicted that colder winters and early nesting periods would decrease the probability of occupancy by breeding owls but did not predict that these weather variables would affect general occupancy, as Spotted Owls are territorial birds that establish and defend breeding territories regardless of unfavorable weather. However, temporal or spatial temperature severity may influence whether owls breed. Thus, pairs may breed less often across the entire MRNP in years with colder winters or early nesting periods, or on territories characterized by lower mean temperatures during critical seasons.
Additional Factors
Presence of Barred Owl. We collected Barred Owl detection and non-detection data opportunistically during diurnal and nocturnal field surveys and call stations for Spotted Owl. When a Barred Owl was heard or seen during any site visit during the season, we recorded its presence and estimated the location on the territory, but the purpose of the survey was not to elicit a Barred Owl response. We mapped Barred Owl detection locations using ArcGIS, and only those detections that fell within the territorial Thiessen polygons were included in the creation of the annual, territory-specific Barred Owl covariate ( Figure 1 ). This Barred Owl detection covariate (BO) was coded as a binary variable for each territory during each breeding season (primary sampling period), receiving a 1 if a Barred Owl was detected at any site during the season, and a 0 if not detected. We predicted that because of their larger size and increasing density in MRNP, the presence of Barred Owls would negatively affect Spotted Owl occupancy and reproduction on both temporal and spatial scales (Gutierrez et al. 2007 ).
Even and odd year breeding. Although the cause is not well understood, Northern Spotted Owls do not breed every year, but sometimes reproduce every other year (Anthony et al. 2006 . This "even/odd" pattern in reproduction is generally upheld across the range of the Northern Spotted Owl with higher rates of reproduction typically occurring in even years (Anthony et al. 2006 , Blakesley et al. 2010 , Stoelting et al. 2015 . While this pattern was not always consistent in past studies, we modeled it as a potential factor that has been correlated with variation in Northern Spotted Owl occupancy with respect to both ψ m t+1 and R m t+1 transition parameters (Table 1) . Spotted Owl reproduction. We created a covariate that reflected the annual reproductive rate (number of owlets fledged per pair) of Spotted Owls within MRNP to model the probability of detecting reproduction at a territory when it is present (δ), because detection rates of owls generally increase on some areas during years when more pairs are breeding (Anthony et al. 2006 . When the reproductive rate of Spotted Owls at the population level is higher, the probability of detecting successful breeding at a territory may increase as well. To address this potential influence on the detectability rates of reproduction, we developed an RR covariate to represent reproduction rate by taking the mean number of owl fledglings produced across all territories, divided by the total number of Spotted Owl pairs present for each year of the study at MRNP (20 yr total).
Occupancy Dynamics Model
We modeled site occupancy dynamics using a multistate, multi-season occupancy model (Nichols et al. 2007 , MacKenzie et al. 2009 ). The single-state version of this model has been successfully applied to Spotted Owl survey data by many others , Kroll et al. 2010 ) and allowed for the inclusion of multiple covariates while also accounting for variation in detection probabilities because of the experience of field surveyors, animal behavior, and environmental variables , Wiens et al. 2011 , Yackulic et al. 2012 . We used a multi-state model because it allowed us to incorporate the presence or absence of Spotted Owls at historical territories, and if present, whether or not they reproduced (Nichols et al. 2007 , MacKenzie et al. 2009 ).
We included 2 occupancy states in our models based on detections of Spotted Owls on individual territories during annual surveys. We coded the annual encounter histories for each Spotted Owl territory as 0 (no detection), 1 (occupied with no breeding), or 2 (occupied with confirmed breeding) depending on the status of the site during withinseason site visits between April 15 and September 14. Each survey season was split into 6 monthly survey periods (secondary sample occasions) to reduce the number of missing observations in the occupancy data while still addressing potential temporal variation in detection rates within seasons. Territories were coded as having missing data if the site was not visited during a monthly survey period. When multiple surveys were conducted at a territory within the same time period, we took a hierarchal approach to status assignment with occupancy of breeding owls receiving the highest detection status.
Territory transition probabilities (ψ m t+1 and R m t+1 in MacKenzie et al. 2009) were defined as follows: ψ m t+1 was the probability of a Spotted Owl territory transitioning from 1 of the 3 occupancy states (m) at time t to an occupied state (state 1 or 2) at time t+1, and R m t+1 was the probability of a territory transitioning from any of the 3 states in year t to a territory being occupied with reproduction (state 2) in year t+1. Estimates of state parameters, ψ t , the probability that a territory was occupied at time t, and R t (hereafter defined as breeding propensity), the probability that Spotted Owls reproduced given a territory was occupied at time t, were derived parameters (MacKenzie et al. 2009 ). Annual occupancy rates were derived from state transition rates (ψ m t+1 and R m t+1 ) from our best model. We used the robust design conditional binomial occupancy parameterization available in Program MARK to generate parameter estimates and model selection statistics (White and Burnham 1999) , with 19 yr of survey data as primary sample periods.
Model Development
Before conducting our analysis, we conducted a Pearson correlation test to identify highly correlated covariates. We considered pairwise correlations among covariates ≥0.70 to be too highly correlated to include together in the same model. As expected, territory and study area temperature and precipitation covariates for both winter and early nesting periods were highly correlated (r = 0.92), as were mean height, upper strata, and forest cover metrics. We hypothesized that forest cover and upper strata would be more descriptive of forest structure preferred by Spotted Owls, whereas mean height would not isolate the oldgrowth forest structure relevant to Spotted Owl nesting ecology, but mean height was retained as a covariate to test this hypothesis (North et al. 2017) .
We took an iterative approach to model selection that allowed us to explore a priori predictions for relevant covariates on each of the 5 model components (withinand between-year detection probabilities (p ij ), probability of detecting reproduction if it occurs (delta(δ i,j )), initial occupancy (ϕ m ), and occupancy and reproductive state transitions (ψ m t+1 , R m t+1 ). We started the process by modeling detection parameters, p and δ, while maintaining full model structure of state and time effects on the occupancy and breeding transition parameters [ϕ (1, 2) , ψ (0,1,2) (t), R (0,1,2) (t)]( Table 1) . We considered the best-performing model for each of these detection parameters and used them throughout the rest of the occupancy analysis when modeling the remaining ψ m t+1 and R m t+1 parameters.
We began modeling the within-year variation on detection rates by including basic time (t) and linear (T), loglinear (lnT), and quadratic (TT) trend structures to evaluate temporal patterns in detection rates within years. We then proceeded to model variation between years by testing general temporal patterns (t) and detection of Barred Owls (Appendix Table 4 ). Finally, we tested for differences in detection probabilities across territory state (0, 1, or 2). We retained the structure from the top model, identified by the lowest ΔAIC c and highest Akaike weights (w i ), then we evaluated the variation in the probability of detecting reproduction if it was occurring(δ i,j ). We modeled δ in nearly an identical fashion as p, testing general time effects (t) and trends (T, lnT, and TT) within and between years. We then tested the effect of Barred Owls, and an additional covariate representing the annual, populationlevel reproductive rate between years. We incorporated the reproductive rate covariate to reflect the potential for increased detection of reproduction in Spotted Owls in years when more owls were breeding, or breeding successfully (Appendix Table 5 ).
Territories were added to the data when new individual or paired owls were found, thus initial occupancy probabilities relative to reproductive state for each territory (ϕ (m) ) were typically very high and provided little information about occupancy dynamics. Thus, we did not evaluate covariates on ϕ (m) , but after we obtained the best structure for δ, we did evaluate whether initial occupancy and initial occupancy with reproduction (ϕ (m) )were best modeled separately (ϕ (1) = ϕ (2) ), or whether they were essentially the same ϕ (1) = ϕ (2) . We retained the best structure for both detection parameters ( p and δ) and initial occupancy (ϕ) for modeling the remaining ψ m t+1 and R m t+1 parameters (MacKenzie et al. 2009).
We evaluated whether there were differences in ψ m t+1 relative to starting state (0, 1, 2), and then evaluated additive and interaction effects between state and general year effects (Yr). We retained the best state structure on ψ m t+1 , and then evaluated time trends (T and lnT) and habitat, weather, and Barred Owl covariates in single-factor models. We then evaluated a limited number of multi-factor models based on initial rankings. We limited hypothesized interactions between covariates, or covariates and state, because our sample size of all 36 territories was small, and only a few interactions seemed ecologically relevant. We used this same iterative approach to model the probability of transitioning to an occupied site with reproduction (R m t+1 ). We used an information theoretic approach to develop model sets and evaluate models (Burnham and Anderson 2002) . We considered models that fell within ΔAIC c ≤ 2.0 competitive, and examined the maximized log-likelihood (−2lnL) in all top models to ensure these best models were not a result of decrease in deviance associated with
The Condor: Ornithological Applications 121:1-20, © 2019 American Ornithological Society the addition of uninformative covariates (Arnold 2010) . To evaluate the direction and strength of support for a particular covariate in a model, we examined the 95% confidence intervals (CI) for slope coefficients (β). We considered the effect of specific covariates to have the strongest support in our models when 95% CI for the slope coefficients did not overlap zero, moderate support if confidence intervals overlapped zero <10%, and little support if confidence limits widely overlapped zero (Anthony et al. 2006 .
RESULTS
Detection Probabilities
Detection rates varied by state, but there was little support for annual variation between years ( p 1,2 dot, T ; Appendix Table 4 ). However, within years, survey-specific detection rates decreased over time (T: β = −0. 27, SE = 0. 06; 95% CI: −0.38 to −0.15). Per-visit detection rates were low for territories that were previously occupied by nonbreeding owls ( p 1 dot,T ; range: 0.32-0.14) but relatively high for territories where breeding owls were detected the previous year ( p 2 dot,T ; range: 0.86-0.67). The probability of detecting reproduction at territories when reproduction was occurring (δ i,j ) increased initially within years, but then leveled off as the breeding season progressed (lnT; β = 0.78, SE = 0.31; 95% CI: 0.17 to 1.38). Between years, δ i,j was negatively correlated with detection of Barred Owls (Appendix Table 5 ; β = −1.14, SE = 0.39; 95% CI: −2.17 to −0.66), but positively related with annual reproduction of Spotted Owls at MRNP (RR; β = 4.70, SE = 0.60; CI: 3.52 to 5.87).
State Transitions
The most parsimonious final model including the best structure for both ψ m t+1 and R m t+1 received 81% of the Akaike model weight ( Table 2 ). The best model for ψ m t+1 included the separate effects of state, with the additive effects of slope (SL) and a log-linear time trend (lnT) [(ψ 0,1,2 (SL + lnT)]. Breeding propensity ( R m t+1 ) was similar for territories that were unoccupied or occupied by nonbreeding owls in previous years, relative to sites with breeding owls in previous years. In addition, breeding propensity in all previous states varied with Barred Owl detection and mean temperatures across the study area during early nesting [(R 0=1,2 (BO + STEN) ]. There were no other competitive models (ΔAIC c ≤ 2.0).
The probability that a site became occupied (ψ m t+1 ) varied by initial starting state, and was highest for sites that were previously occupied, or occupied with reproduction in the previous year ( Figure 2) . The probability that a site occupied in the previous year by breeding owls was again occupied was estimated as 1.0 in all years, so to increase the precision of the other parameters in the model, we fixed ψ 2 t+1 = 1.0, and the results we have presented here reflected this final, adjusted model. For ψ 0 t+1 , and ψ 1 t+1 within years there was a negative, log-linear trend such , 1997-2016 . Model covariates include annual variation (Yr), log-linear (lnT) and quadratic time trends (TT), aspect (AS), study area minimum temperature during early nesting (STEN), study area precipitation each year (SPW), detection of Barred Owls (BO), and an even-odd cyclic temporal pattern between years (EO). Previous iterations identified the best structure on initial occupancy (ϕ (m) ), the probability of becoming occupied ψ m t+1 , the probability of detection ( p m ij ), and the probability of detecting true reproduction when present (δ ij ) [ϕ (dot) , ψ (0,1,2) (lnT + SL) , p (1,2) (dot, T) , δ(RR + BO, lnT)], so these results reflect models that evaluate the best structure on R m t+1 , the probability that a site becomes occupied by breeding birds. Models are ranked according to the Akaike Information Criterion adjusted for small sample sizes (AIC c ) and ΔAIC c (the difference between model AIC c and the lowest AIC c in the model set); the number of parameters (K), model deviance, and Akaike weights (w i ) are also included for each model. Lowest AIC c value from the top model was 2029.55. Occupancy transitions were positively related to slope, suggesting that territories with more topographic relief (i.e. higher mean slopes) had higher probabilities of occupancy (SL; β = 0.08, SE = 0.05; 95% CI: −0.02 to 0.18; Figure  3A , B). The 95% confidence intervals for slope slightly overlapped zero (<10%), but the model that included slope had 36% of all AIC c model weight during the iterative ψ m t+1 modeling stage (Appendix Table 6 ), suggesting that while this covariate had a weak relationship with occupancy transitions it was still important to consider.
Breeding propensity ( R m t+1 ) was highest on sites where breeding had occurred in previous years, and much lower overall on sites that were previously unoccupied or occupied by nonbreeding birds in previous years (Figure 4 ). In addition, breeding propensity was negatively associated with the detection of Barred Owl presence on territories for all states (BO; β = −0. 81, SE = 0. 32; 95% CI: −1.44 to −0.17). Conversely, as predicted, breeding propensity was positively related to early nesting minimum temperatures (March-April) across the study area each year (STEN; β = 0.45, SE = 0.14; 95% CI: 0.18 to 0.72), with warmer temperatures associated with a higher probability of territory occupancy by breeding Spotted Owls.
Over the 20 yr study at MRNP, overall occupancy of Northern Spotted Owl territories (regardless of state) decreased considerably with the probability of occupancy ranging from 93% in 1997 (95% CI: 72% to 10%) to 43% in 2016 (95% CI: 29% to 58%) ( Figure 5 ). However, most of that decline was associated with decreases in annual site occupancy by nonbreeding owls(ψ 1 ), ranging from a high of 86% in 1997 (95% CI: 54% to 97%) shortly after surveys were initiated, to a low of 25% in 2016 (95% CI: 15% to 40%) ( Figure 5 ). The probability of occupancy by breeding owls (ψ 2 ) varied annually, but appeared more stable than nonbreeding occupancy over our study ( Figure 6 ).
DISCUSSION
Occupancy rates of Spotted Owl territories at MRNP decreased by 50% in the 20 yr since the study began. This rate of decline was lower than reported for the larger Rainier DSA in a recent meta-analysis of data from 11 Northern Spotted Owl demography study areas in Oregon, Washington, and California (74% decline), but was similar to the decline observed for 2 other Washington DSAs, the Olympic Peninsula (60%) and Cle Elum (45%; Dugger et al. 2016 ). This decline occurred despite the lack of habitat disturbance since the park was created >100 yr ago. The observed change in general FIGURE 2. Estimates with 95% confidence limits for occupancy transition probabilities for Northern Spotted Owl territories for sites previously unoccupied (ψ 0 t+1 ) and occupied without breeding (ψ 1 t+1 ) from the best multi-state, multi-season occupancy model [ϕ (dot) , R (0=1,2) (BO + STEN) , ψ (0,1,2) (lnT + SL) , p (1,2) (dot, T) , δ(RR + BO, lnT)]. Model covariates include the additive effects of state (0 = unoccupied, 1 = occupied with no reproduction, 2 = occupied with reproduction), a log-linear time trend (lnT), and slope (SL) on occupancy transition probabilities (ψ m t+1 ); the additive effects of state (0 = 1,2), detection of Barred Owls (BO), and early nest study area temperatures (STEN) on the probability that a site becomes occupied by breeding birds (R m t+1 ); reproductive rate (RR), detection of Barred Owls between years, and a log-linear trend (lnT) within years on the probability that reproduction is detected when it occurs on an occupied site (δ ij );and a log-linear trend in the probability of detecting Spotted Owls when they are present within states ( p m ij ).
The Condor: Ornithological Applications 121:1-20, © 2019 American Ornithological Society annual occupancy was primarily associated with decreased colonization rates over this time period (a 56% decrease), with the probability that an unoccupied site became occupied reaching a low of 9% in 2016. The overall decline in colonization rates observed may reflect decreased productivity, fledging success, or sub-adult survival at MRNP and surrounding areas, thereby decreasing recruitment of young owls into unoccupied sites. The number of chicks per breeding pair (productivity) has varied widely over time at MRNP as has the number of pairs producing chicks each year (~7-8 pairs in multiple years). Barred Owl presence in MRNP was correlated with several negative trends in occupancy dynamics of Spotted Owls. Although Barred Owls were documented in Washington as early as 1965, the first Barred Owl within MRNP was not detected until 1986 (Livezey 2009, D. George personal observation) . Barred Owls have been detected every year thereafter, and Spotted Owls have likely been competing with Barred Owls for resources at MRNP since the late 1980s. Breeding propensity of Spotted Owls at MRNP was negatively associated with detection of Barred Owls on historical territories. With a small and aging population of reproducing adult Spotted Owls within MRNP (2017 estimate of individual territorial adult Spotted Owls = 18; mean age = 10.7 yr), the negative relationship between Barred Owls and Spotted Owl breeding propensity may threaten long-term survival of Spotted Owls in the park. Many breeding adults are older birds that may produce fewer offspring than younger birds or senesce, which will likely decrease the pool of recruits back into the park in subsequent years (Loschi 2008) .
Interestingly, we also observed a negative relationship between Barred Owl presence and the probability of detecting Spotted Owl reproduction accurately at an occupied site if it was, in fact, occurring. Detection rates of Northern Spotted Owls decline when Barred Owls are present , Crozier et al. 2006 , Bailey et al. 2009 , Yackulic et al. 2014 , but this is the first time that the presence of Barred Owls has been correlated with the ability to detect Spotted Owl reproduction, given standard survey protocols. Thus, it is possible that Spotted Owl presence and reproductive rates have been underestimated in many DSAs when Barred Owls are present (Crozier et al. 2006) .
Spotted Owl occupancy dynamics were more strongly associated with a negative time trend than the presence of Barred Owls. However, we hypothesize that this time trend also reflects the negative influence of Barred Owls on the study area (also see Dugger et al. 2016) . That is, Barred Owl detections are collected incidentally during Spotted Owl surveys, likely underestimating the presence of Barred Owls on Spotted Owl territories each year (Wiens et al. 2011) , which would reduce the explanatory power of the Barred Owl covariate.
We found no relationship between occupancy dynamics and any of the habitat covariates that we investigated despite previous studies showing that old-growth forest characteristics are strongly associated with Northern Spotted Owl occupancy and apparent survival (Franklin et al. 2000 , Olson et al. 2004 , 2016 Forsman et al. 2011 , Sovern et al. 2015 . However, much of the previous research linking Spotted Owl demography with habitat characteristics on territories has been conducted on fragmented landscapes that have experienced extensive loss and degradation of old forest because of timber harvest or fire , Wan et al. 2019 . In contrast, there has been virtually no habitat disturbance at MRNP FIGURE 3. Estimates with 95% confidence limits for occupancy transition probabilities for Northern Spotted Owl territories for sites previously (A) unoccupied (ψ 0 t+1 ) and (B) occupied without breeding (ψ 1 t+1 ) relative to territory slope. Estimates are from the best multi-state, multi-season occupancy model including the additive effects of state (0 = unoccupied, 1 = occupied, 2 = occupied with reproduction), a log-linear trend (lnT ), and slope (SL) on occupancy transition probabilities (ψ m t+1 ); state (0 = 1,2), detection of Barred Owls (BO), and early nest study area temperatures (STEN) on the probability that a site becomes occupied by breeding birds (R m t+1 ); reproduction rate (RR), detection of Barred Owls, and a log-linear trend on the probability that reproduction is detected when it occurs on an occupied site (δ ij ); and a log-linear trend within years on the probability of detecting Spotted Owls when they are present within states ( p m ij ) [ϕ (dot) , R (0=1,2) (BO + STEN) , ψ (0,1,2) (lnT + SL) , p (1, 2) 
The Condor: Ornithological Applications 121:1-20, © 2019 American Ornithological Society since its inception as a federal park in 1899. In fact, the old forests where we worked were similar among Spotted Owl territories and across the entire study area below 1,524 m, which likely explains why our habitat covariates were not informative in our analysis of occupancy dynamics (Mangan 2018) . Regardless, our annual occupancy rates suggested the largest declines in occupancy were at historical sites that were unoccupied or occupied with nonbreeding owls, while sites with breeding owls tended to remain occupied by breeding birds.
Our results indicated that mean slope of territories was positively associated with Spotted Owl occupancy dynamics in MRNP. This was consistent with findings in Olympic National Park in Washington, where there was some indication that Spotted Owls were moving to higher elevations and steeper slopes, possibly in response to increased Barred Owl densities (Gremel 2005) . We observed increased occupancy by Spotted Owls at territories with higher slopes in response to the increased presence of Barred Owls, suggesting habitat partitioning was occurring between the species, similar to other observations of Barred Owl habitat preferences in the Pacific Northwest (i.e. mesic, low-elevation, low-slope sites; Singleton et al. 2010 , Wiens et al. 2014 .
The impact of regional and study area-level weather conditions on Spotted Owl vital rates has been well investigated (Franklin et al. 2000 , Olson et al. 2004 . Estimates with 95% confidence limits of the probability of a site becoming occupied with reproduction (R m t+1 ) relative to occupancy state in the previous year [(A) R 0=1 t+1 : unoccupied (0) = occupied with no reproduction (1); (B) R 2 t+1 : occupied with reproduction (2)], whether or not Barred Owls (BO) were detected, and mean minimum temperatures during the early nest season (STEN). Estimates are from the best multi-state, multi-season occupancy model including the additive effects of state (0,1,2), a log-linear trend (lnT ), and slope (SL) on occupancy transition probabilities (ψ m t+1 ); detection of Barred Owls (BO) and early nest study area temperatures (STEN) on the probability that a site becomes occupied by breeding birds (R m t+1 ); reproductive rate (RR), detection of Barred Owls, and a log-linear trend on the probability that reproduction is detected when it occurs on an occupied site (δ ij ); and a log-linear trend within year and by state on the probability of detecting owls when they are present ( p m ij ) [ϕ (dot) , R (0=1,2) (BO + STEN) , ψ (0,1,2) (lnT + SL) , p (1,2) (dot, T) , δ (RR + BO, lnT) ]. Davis et al. 2011 , Glenn et al. 2011a , 2011b Dugger et al. 2016 ). However, our study was the first to quantify weather conditions at the territory level. Contrary to our predictions, we observed a positive relationship between mean minimum early nesting (March to April) temperatures across all territories (i.e. at the level of the study area) and breeding propensity of Spotted Owls at MRNP, and did not observe a relationship with microclimate. Thus, it was possible that the similar old-growth forest structure among Spotted Owl territories regulated microclimate such that territory-specific differences were not sufficiently large to FIGURE 5. Annual estimates of territory occupancy regardless of reproductive state with 95% confidence limits from the best multistate, multi-season occupancy model [ϕ (dot) , R (0=1,2) (BO + STEN) , ψ (0,1,2) (lnT + SL) , p (1,2) (dot, T) , δ(RR + BO, lnT)]. Model covariates include the additive effects of previous state (0 = unoccupied, 1 = occupied with no reproduction, 2 = occupied with reproduction), a log-linear trend (lnT ), and slope (SL) on occupancy transition probabilities (ψ m t+1 ); detection of Barred Owls (BO) and early nest study area temperatures (STEN) on the probability that a site becomes occupied by breeding birds (R m t+1 ); reproductive rate (RR) and detection of Barred Owls between years, and a log-linear trend within years on the probability that reproduction is detected when it occurs on an occupied site (δ ij );and a log-linear trend in the probability of detecting owls when they are present within states ( p m ij ). FIGURE 6. Annual occupancy rates (ψ m t+1 ) with 95% confidence limits for sites occupied by nonbreeding (ψ (1) ) and breeding (ψ (2) ) Northern Spotted Owls derived from the best multi-state, multi-season occupancy model [ϕ (dot) , R (0=1,2) (BO + STEN) , ψ (0,1,2) (lnT + SL) , p (1,2) (dot, T) , δ(RR + BO, lnT)]. Model covariates include the additive effects of previous state (0 = unoccupied, 1 = occupied but no reproduction, 2 = occupied with reproduction), a log-linear trend (lnT ), and slope (SL) on occupancy transition probabilities (ψ m t+1 ); detection of Barred Owls (BO) and early nest study area temperatures (STEN) on the probability that a site becomes occupied by breeding birds (R m t+1 ); reproductive rate (RR), detection of Barred Owls between years, a log-linear trend within years on the probability that reproduction is detected when it occurs on an occupied site (δ ij );and a log-linear trend in the probability of detecting owls when they are present within states ( p m ij ). 
Management Implications
This study demonstrated that even when high-quality habitat was readily available, the presence of Barred Owls was negatively correlated with the dynamics of Spotted Owls, which was consistent with previous research (Hamer et al. 2001 , Wiens et al. 2014 , Yackulic et al. 2014 . MRNP contained some of the oldest intact forest habitat available to Northern Spotted Owls in the Washington Cascade Range, yet only 18 adult owls were detected on the study area in 2016, down from a high of 30 owls in 1998. The regional extinction of the Northern Spotted Owl through competitive exclusion by the Barred Owl has been predicted to be occurring and likely will be a slow process that could take over 6 decades (Yackulic 2017) . Similar to conclusions drawn for other areas within the subspecies' range , Pearson and Livezey 2007 , persistence of the Northern Spotted Owl at MRNP may require management intervention to address the Barred Owl threat in oldgrowth forest (Diller et al. 2016 , Wiens et al. 2016 , 2017 . Removal of Barred Owls from historical Northern Spotted Owl territories in northern California decreased the rate of population decline of Spotted Owls in one area (Diller et al. 2016 ), but it was unclear whether this management technique would be as effective on a larger scale, or in areas of Washington and Oregon where Barred Owls have been present longer (Wiens et al. 2016 (Wiens et al. , 2017 . In most of the Northern Spotted Owl DSAs, the effects of habitat loss were greater than the effect of Barred Owl to Spotted Owl occupancy and state transitions (Yackulic et al. 2019) . Although timber harvest does not occur at MRNP, habitat loss due to wildfires may increase in the next several decades (Wan et al. 2019) . Stakeholders involved in the preservation of the Northern Spotted Owl will need to consider the importance of conserving this species on public lands and the associated financial and ecological costs. The future challenge for managers at Mount Rainier National Park, and across the range of the Spotted Owl, will be to seek ways to manage small populations of this endangered species while Barred Owls are pervasive across these same forested landscapes.
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The Condor: Ornithological Applications 121:1-20, © 2019 American Ornithological Society APPENDIX TABLE 3. LiDAR metrics collected in 2008/2009 at Mount Rainier National Park (MRNP), and 2010/2011 in Pierce County, Washington, USA, and analyzed in 2017, which were used to characterize habitat in historical Northern Spotted Owl territories at MRNP (all discrete, first-return LiDAR).
LiDAR metric Unit Definition
Upper strata density % Proportion of first returns in upper height strata (percent cover above 30 m (100 ft) w/i a pixel) Rumple index Index: ~0-10 The ruggedness of the canopy/structure Topography Slope (°) Slope, elevation, and aspect of landscape Elevation (m) Aspect (°) Height Meters (m) Mean tree height of first returns above 1 m Canopy cover % Proportion of tree canopy cover >2 m (2 m threshold also reduces "noise" from ground and shrub/understory returns)
